Abstract. Aberrant activation of the Raf/MEK/MAPK pathway plays a key role in breast cancer development and progression. Dysregulation of Raf/MEK/MAPK oncogenic signaling often results from overexpression of the HER-2/Neu tyrosine kinase receptor leading to chemoendocrine resistance, development of distant metastases and ultimately poor prognosis in breast cancer patients. HER-2/Neu overexpression is also linked to activation of the epithelial to mesenchymal transition (EMT) pathway, loss of adhesion molecules and metastasis. Recently, it has been demonstrated that cancer cells that undergo EMT acquire a CD44 + /CD24 -/low basal cancer stem cell-like phenotype and are characterized by activation of HER-2/Neu and TGFβ oncogenic signaling pathways with increased capacity of self-renewal, drug resistance, invasion and distant metastases. Following metastatic dissemination, cancer cells re-activate certain epithelial properties through mesenchymal to epithelial transition (MET) to establish neoplastic lesions at secondary sites, although the molecular mechanisms regulating MET remain elusive. In this study we demonstrate that constitutive activation of Raf-1 oncogenic signaling induces HER-2/Neu overexpression leading to the development of distant metastases in ERα + MCF-7 breast cancer xenografts. Importantly, development of distant metastases in xenograft models was linked to activation of the MET pathway characterized by reduced expression of EMT inducer genes (TGFB2, TWIST1 and FOXC1) and overexpression of BMB7, CXCR7 and EGR family of transcription factors. In summary, our results demonstrate for the first time that amplification of Raf/MEK/MAPK oncogenic signaling during tumor growth promotes the genesis of metastatic lesions from primary tumors by activating the mesenchymal epithelial transition.
Introduction
Each year more than 210,000 new cases of breast cancer are diagnosed in the USA (1) . More than two-thirds of these patients display initially positivity for the estrogen receptor (ERα) making them eligible for endocrine therapy (2) . Usually ERα + breast tumors show a better outcome compared to ERα -tumors because they display a more differentiated epithelial phenotype, are sensitive to endocrine therapy and show a moderately invasive behavior (3) . Tamoxifen has been the most widely used adjuvant anti-estrogen agent for the past two decades, achieving a 39% reduction in disease recurrence and a 31% reduction in mortality in ERα early stage breast carcinomas (4) . Despite the clinical benefit of hormonal treatment in patients with ERα + breast cancer, primary and secondary resistance to endocrine therapy remains a significant clinical problem (5) . One of the molecular mechanisms by which ERα + breast tumors become resistant to endocrine manipulations is through overexpression of the receptor tyrosine kinase HER-2/Neu (6) (7) (8) . Overexpression of HER-2/Neu signaling pathway induces phosphorylation and constitutive activation of ERα leading to aberrant cell proliferation (9, 10) . HER-2/Neu is overexpressed in 20-30% of invasive breast tumors and is associated with poor clinical outcome with reduced disease-free and overall survival rates (11, 12) . Cellular plasticity occurs in cancer progression in a similar fashion of embryonic development. The importance of cellular transitions in development is first apparent during gastrulation when the process of epithelial to mesenchymal transition (EMT) transforms polarized epithelial cells into migratory mesenchymal cells that constitute the embryonic and extra-embryonic mesoderm (13) . It is now widely accepted that this developmental pathway is exploited in various disease states, including cancer. (14) . Metastatic dissemination is an extremely complex and highly organized process that is organ-specific and involves numerous reciprocal interactions between the cancer cells and the host (15) . Breast cancer progression is dependent on the capacity to metastasize to distant organs, and loss of cancer cell adhesion through EMT plays a key role in this process (16, 17) . Importantly, HER-2/ Neu overexpression is linked to loss of the adhesion molecule E-cadherin during breast cancer progression, dissemination and metastasis (18) . However, given the morphological similarities between primary tumor and metastatic lesions, it is likely that tumor cells re-activate certain epithelial properties through a mesenchymal to epithelial transition (MET) at the secondary site, although the molecular mechanisms regulating MET pathway remain elusive (19) .
One of the major problems in eradicating metastatic cancer cells consists in their ability to self-renewal and to display higher resistance to conventional chemo-endocrine therapy (20, 21) . Recently, the discovery that breast tumors contain a CD44 + /CD24 -/low sub-population of cells harboring stem cell properties has generated excitement because these cancer stem cells may represent the source of therapeutic failures, distant metastases and ultimately poor outcome (22) (23) (24) . It has also been demonstrated that cancer cells that undergo EMT acquire a basal cancer stem cell-like phenotype and display increased expression of the enzyme aldehyde dehydrogenase (ALDH) increasing tumorigenicity, chemoresistance and invasiveness (25, 26) . Moreover, tumors enriched with cancer stem cells are characterized by activation of HER-2/Neu and TGFβ oncogenic signaling pathways with increased capacity of self-renewal, drug resistance, invasion and distant metastases (27, 28) . Transcription factors such as TWIST1, SNAIL, SLUG, FOXC1, ZEB1 and SMADs play a key role in orchestrate the nuclear reprogramming leading to activation of EMT and stemness of cancer cells (29) (30) (31) .
In this study we have employed an ERα + MCF-7 breast cancer cell line engineered to express constitutive active Raf-1 oncoprotein to characterize the role of aberrant Raf/ MEK/MAPK signaling pathway in breast cancer progression. Our results demonstrate that constitutive activation of Raf-1 confers a more aggressive phenotype characterized by increased cell proliferation and migration, chemo-endocrine resistance and ultimately development of distant metastases. Importantly, development of distant metastases in xenograft models was linked to overexpression of HER-2/Neu and activation of MET pathway leading to the establishment of secondary neoplastic lesions. Taken together, our results demonstrate for the first time that amplification of Raf/MEK/ MAPK oncogenic signaling during tumor growth promotes the genesis of metastatic lesions from primary breast cancer cells by activating MET signaling.
Materials and methods

Human breast cancer cell lines.
The human breast cancer cell line MCF-7 was obtained from ATCC (Manassas, VA, USA). The MCF-7 cells overexpressing the Raf-1 oncoprotein were generated as described previously (32) . All cell lines were maintained in EMEM medium containing 5 mM glutamine, 1% penicillin/streptomycin, 20 microgram insulin/ml and 10% FBS at 37˚C in 5% CO 2 atmosphere.
Cell proliferation assay. For cell proliferation assay, breast cancer cells were cultured in a 96-well plate at a density of 2,000 cells in each plate and treated with 1 µm daunorubicin (Sigma). Following a 7-day incubation, cell viability was determined using the CellTiter 96 ® Aqueous One Solution Cell Proliferation Assay (Promega, Madison, WI, USA), performed according to the manufacturer's protocol.
Cell cycle profile, indirect immunofluorescence and immunoblotting.
For fluorescence-activated cell sorting (FACS), Indirect immunofluorescence and protein expression analyses, breast cancer cells were treated as previously described (33) (34) (35) .
Antibodies. Antibodies employed in this study were the following: Cell Signaling Technology (tMAPK, p-MAPK, HER-2/Neu, E-cadherin); Santa Cruz Biotechnology (ERα) and Sigma (β-actin).
In vitro cell migration assay. In vitro migration assay of MCF-7 and vMCF-7
Raf-1 cells was performed by employing the xCELLigence System (Roche) according to the manufacturer's procedure.
Human breast cancer xenografts. Procedures established by the Institutional Animal Care and Use Committee based on US NIH guidelines for the care and use of laboratory animals were followed for all experiments. Four-week-old non-ovariectomized female NCR/Nu/Nu nude mice were anesthetized by exposure to 3% isoflurane and injected subcutaneously with 2x10 6 cells suspended in 50 µl of 50% Matrigel (BD Bioscience, Bedford, MA, USA). Tumor localization and growth was monitored using the IVS imaging system from the ventral view 10 min after luciferin injection. After 12 weeks, mice were sacrificed and xenograft tumors were processed for histology, immunohistochemistry and immunofluorescence analyses as previously described (34, 35) . To re-establish cultures from 1GX explants, tumors were excised from the animals, minced using sterile scissors, transferred to complete culture medium and fibroblast-free tumor cell lines were established by serial passages in culture.
Gene microarray analysis. Total RNA was extracted from breast cancer cells using TRizol according to the manufacturer's instructions (Invitrogen, Carlsbad, CA). One microgram of total RNA (A260/A280 ratio of 1.8-2.2) was used to probe for global genome expression employing Affimetrix U133 Plus 2.0 chips (Affimetrix, Santa Clara, CA). The raw data (CEL files) were pre-processed using GCRMA algorithm using Partek GS 6.5 software (St. Louis, MO). Partek built in tools were used to perform analysis of variance (ANOVA) on groups of samples. Experiments were performed in duplicates.
Results and Discussion
To characterize the mechanistic role of aberrant activation of MAPK signaling pathway in breast cancer progression, we (Fig. 1A) . To determine the extent to which aberrant Raf/MEK/MAPK signaling pathway confers an advantage on cell cycle progression, we performed a FACS cell cycle analysis on MCF-7 and vMCF-7 ∆Raf-1 cells. vMCF-7 ∆ Raf-1 displayed a higher percentage of cells in the S phase fraction of the cell cycle compared to parental MCF-7 cells, indicating that constitutive MAPK activation accelerates G1/S cell cycle progression (Fig. 1B) . Since aberrant activation of Raf/MEK/MAPK signaling pathway is linked to increased chemo-endocrine resistance in breast cancer, we treated MCF-7 and vMCF-7
∆Raf-1 cells with anti-cancer drugs targeting the DNA replication process (hydroxyurea and daunorubicin) and ERα mitogenic pathway (tamoxifen). Resistance to chemo-endocrine treatment was observed in vMCF-7 ∆Raf-1 compared to parental MCF-7 cells, indicating that aberrant Raf/MEK/MAPK signaling activation induced chemo-endocrine resistance in estrogensensitive breast cancer cells (Fig. 1C) . Since tumor progression and development of distant metastases is linked to increased cell motility and consequent invasion, we employed an innovative real-time migratory assay to establish whether constitutive Raf/ MEK/MAPK signaling activation conferred higher motility properties of MCF-7 cells. Importantly, vMCF-7 ∆Raf-1 cells showed a higher migration index than MCF-7 cells during a 24-h migration assay (Fig. 1D) suggesting that activation of Raf-1 signaling pathway promotes an invasive phenotype. To determine in vivo the extent to which vMCF-7 ∆Raf-1 cells gave rise to invasive breast tumors, we established murine MCF-7 and vMCF-7 ∆Raf-1 xenografts (Fig. 2) . vMCF-7 ∆Raf-1 xenografts developed larger tumors than parental MCF-7 xenografts following a 4-week cancer cells injection into the mammary fat pad (Fig. 2A) . Breast tumors were surgically removed 12 weeks after implantation without sacrificing the animals to monitor the development of distant metastases (Fig. 2B) . Significantly, 8 weeks following surgical removal, only vMCF-7 ∆Raf-1 xenografts developed frank visceral metastases demonstrating that aberrant Raf/MEK/MAPK signaling pathway induces metastatic dissemination (Fig. 2B) . Because development of chemo-endocrine resistance and distant metastases is often associated to HER-2/Neu overexpression in breast cancer, we performed immunohistochemistry analysis of HER-2/Neu staining on primary tumors and metastatic lesions (Fig. 2C) . While MCF-7 primary tumors did not show positivity for HER-2/Neu, vMCF-7 ∆Raf-1 primary tumors displayed HER-2/ Neu heterogeneity and vMCF-7 ∆Raf-1 metastatic tumors showed strong positivity for HER-2/Neu expression. These results demonstrate that aberrant Raf/MEK/MAPK pathway induces HER-2/Neu expression during tumor growth, suggesting a key role of HER-2 oncogenic signaling pathway in the development of breast cancer metastases and tumor progression. Furthermore, to characterize the molecular mechanisms responsible for the development of distant metastases in vMCF-7
∆Raf-1 xenografts, we re-cultured cancer cells from MCF-7 and vMCF-7 ∆Raf-1 xenografts (primary and metastatic) and termed them first generation xenografts (1GX). Immunoblot analysis revealed that primary and metastatic vMCF-7 ∆Raf-1 1GX cells overexpressed ERα compared to parental cells (Fig. 3A) . However primary vMCF-7
∆Raf-1 1GX cells displayed higher resistance to chemo-endocrine therapy (Fig. 1C) indicating that aberrant activation of Raf-1/MEK/ MAPK pathway and HER-2/Neu overexpression activates ERα pathway and confers higher resistance to conventional anti-cancer therapy during in vivo growth. To establish the extent to which development of breast cancer metastases was linked to EMT, we analyzed the expression of key EMT markers (E-cadherin and β-catenin) in breast cancer cells. Loss of E-cadherin expression was observed in MCF-7 1GX and vMCF-7 (Fig. 3A) . Immunofluorescence analysis also demonstrated that metastatic vMCF-7 ∆Raf-1 1GX cells re-express the epithelial markers E-cadherin and β-catenin compared to primary vMCF-7 ∆Raf-1 1GX cells (Fig. 3B ). These results demonstrate that HER-2/Neu overexpression and amplification of MAPK signaling pathway in vMCF-7
∆Raf-1 xenografts induces development of EMT and metastatic dissemination, while re-expression of epithelial markers and activation of MET pathway is essential for the establishment of secondary neoplastic lesions. To determine whether activation of EMT and MET pathways during in vivo growth of vMCF-7
∆Raf-1 cells were linked to specific transcriptome changes that are critical for tumor progression, we employed human Affimetrix micro-arrays to assess global gene expression of breast cancer cells (Fig. 4A) . From this comparison, we identified a group of 8 differentially expressed genes involved in tumor growth (TGFB2, BMB7, EGR2, EGR3, EGR4), EMT (TWIST1, FOXC1) and metastasis (CXCR7) correlated with tumor progression (Fig. 4B-D) . Specifically, TGFB2 and CXCR7 genes were overexpressed in the metastatic vMCF-7 ∆Raf-1 1GX cells while BMP7 gene was down-regulated compared to the primary vMCF-7 ∆Raf-1 1GX cells (Fig. 4B) . These results indicate that TGFB2 and BMP7 signaling pathways are positive and negative regulators of distant metastases in breast cancer, respectively. Furthermore, we identified genes encoding for nuclear transcription factors involved in the induction of EMT such as TWIST1 and FOXC1 that were down-regulated in metastatic vMCF-7 ∆ Raf-1 1GX compared to primary vMCF-7 ∆ Raf-1 1GX cells (Fig. 4C) . These findings substantiate suppression of EMT, activation of MET pathway and consequent re-expression of epithelial markers observed in metastatic vMCF-7 ∆ Raf-1 1GX cells compared to primary tumors (Fig. 3) . Importantly, vMCF-7 ∆Raf-1 1GX cells that lack epithelial markers displayed a decreased expression of EGR2, EGR3 and EGR4 nuclear transcription factors compared to MCF-7, vMCF-7 ∆ Raf-1 and metastatic vMCF-7 ∆ Raf-1 1GX cells that expressed high levels of E-cadherin and β-catenin (Fig. 4D) . These results highlight a novel role for the EGR family of transcription factors in the activation of MET pathway and establishment of breast cancer metastases.
Taken together these findings demonstrate that constitutive activation of Raf-1 oncoprotein leads to HER-2/Neu overexpression and consequent amplification of MAPK signaling pathway during breast cancer progression. Importantly, metastatic spreading to distant organs is characterized by activation of EMT pathway and loss of E-cadherin and β-catenin epithelial markers during tumor growth. Activation of MET pathway and re-expression of epithelial markers is essential for the establishment of secondary neoplastic lesions. Activation of MET signaling is characterized by reduced expression of EMT inducer genes (TGFB2, TWIST1 and FOXC1) and overexpression of BMB7, CXCR7 and EGR family of transcription factors. In conclusion, this study highlighted for the first time the mechanistic linkage between Raf/MEK/MAPK oncogenic signaling and development of distant metastases through activation of MET pathway.
